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aromatic  hydrocarbons  (PAHs),  oxygenated  polycyclic  aromatic  hydrocarbons  (oxy‐PAHs),  nitrogen‐17 































due  to  its  properties  and  potential  use  in  environmental  and  agricultural  applications  (e.g.  as  soil 47 
amendment and replacement for or supplement to activated carbon (Lehman and Joseph 2009)). 48 
Thermal decomposition of biomass yields a complex mixture of condensable hydrocarbons, i.e. tar, which 49 
consists  of  single‐  to  five‐ring  aromatics,  phenolic  compounds,  and  complex  polycyclic  aromatic 50 
hydrocarbons  (PAHs)  (Wolfesberger et al. 2009). The  tar‐like products are highly branched at moderate 51 
temperatures (500 °C) (Pakdel and Roy 1991), but (in general) highly condensed and less oxygenated at 52 










































continuous  reactors)  located  at  the UK  Biochar  Research  Centre  (UKBRC),  University  of  Edinburgh.  Key 93 











residence  time at peak  temperature was only between 5–10 minutes, depending on  the material used. 103 
Thus, obtained parameters were then used as settings in the batch reactor to reproduce the conditions in 104 
the  continuous  pyrolysis  unit  as  closely  as  possible.  In  the  Stage  I  reactor  (Crombie  et  al.,  2013),  the 105 












and  PCDF  analysis,  the  extracts  were  all  cleaned‐up  using  a  multi‐layer  silica  column  followed  by 118 
fractionation  with  an  AX‐21  carbon/celite  column  (see  Liljelind  et  al.  (2003)  for  further  details  of  the 119 
method). For analysis of PAHs, oxy‐PAHs, and N‐PACs in the char samples, clean‐up was conducted using 120 






The  analyses  were  all  performed  on  a  GC‐HRMS  –  Hewlett‐Packard  5890  gas  chromatograph  (Agilent 127 
Technology,  Santa Clara, USA) coupled  to an Autospec Ultima Mass Spectrometer  (Waters Corporation, 128 
Milford, USA), using a DB5 column (60 m: length, 0.32 mm: internal diameter, 25 µm: film thickness) (Agilent 129 
Technology, Santa Clara, USA). The main purpose of using HRMS was to make it possible to separate oxy‐130 










samples  and  treated  as  samples  (i.e.,  single  samples)  throughout  the  clean‐up  process.  The  reported 139 





























3100  ng∙gbiochar‐1  and  0.4  to  477 ng∙gbiochar‐1,  respectively.  The  oxy‐PAHs  and N‐PACs  consisted mainly  of 167 













































































much  higher  in  the  liquid  fraction  compared  to  the  char  fractions.  The  PDCCs  and  PCDFs  occurred  at 241 
negligible  levels  in  the  studied  biochars.  Moreover,  in  terms  of  PAH,  PCDD,  and  PCDF  content,  and 242 
regardless  of  the  temperature  and  pyrolysis  unit,  the  biochars  are  expected  to  have  low  negative 243 
environmental  impact related to these contaminants when used for soil amendment. This demonstrates 244 
that biochar with extremely low content of organic pollutants can be produced from a range of materials 245 
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Fig.1 Total concentration and distribution of different-sized PAHs (numbers of rings) in each biochar. SI-SIII: size of 
the pyrolysis equipment (Stage I, Stage II, and Stage III, respectively) and AD: anaerobic digestate. Red dashed line 
represents the range of lower-limit threshold values (set by IBI (International Biochar Initiative, 2015)) for PAHs in 
biochar used in soil. 
 
 
Fig. 2 Concentrations (plotted on different scales) of oxy-PAH (columns) and N-PAC (bullets) in biochar from the 
different pyrolysis units. SI-SIII: size of the pyrolysis equipment (Stage I, Stage II, and Stage III, respectively) and 
AD: anaerobic digestate 
 
 
Fig. 3 Distribution of PAH, O-PAH, and N-PAC in char, and PAH and O-PAH in the liquid fraction. N-PAC in the liquid 




























































Table 1 Proximate and ultimate analysis for the studied feedstocks  
 
  
Unit Softwood Wheat Straw Anaerobic Digestate 
Moisture wt1.% (a.r) 2 6.71 ± 0.03 (5) 7.22 ± 0.22 (5) 5.72 ± 0.27 (6) 
Volatiles  wt.% (d.b.)3 83.6 ± 0.4 (5) 76.3 ± 0.5 (5) 64.6 ± 0.4 (6) 
Fixed Carbon wt.% (d.b.) 14.4 ± 0.4 (5) 16.6 ± 1.1 (5) 7.7 ± 0.3 (6) 
Ash wt.% (d.b.) 1.1 ± 0.1 (5) 7.0 ± 0.3 (5) 27.8 ± 0.5 (6) 
C wt.% (d.b.) 49.9 (2) 45.2 (2) 38.0 (2) 
H wt.% (d.b.) 6.6 (2) 5.4 (2) 0.60 (2) 
N wt.% (d.b.) < 0.10 (2) 0.58 (2) 4.29 (2) 
1wt: weight; 2a.r.: as received; 3d.b.: dry basis; (n): number of replicates 
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Table 2 Characteristics of the pyrolysis reactors used in this study  











max ~ 850 °C 
electric split-tube 
furnace 
500 g·h-1 1 L·min-1 





max ~ 850 °C 
set of electric 
heaters 
30 - 50 kg·h-1 10 L·min-1 




Table 3 Overview of pyrolysis experiments. X denotes the samples that were analyzed for contaminants. In 
addition, the product yields for the Stage I unit are shown with the number of replicates in parentheses 
 






























Biochar X 21 ± 1.1 (4) X 19 ± 0.5 (4) X X X X 
Liquid X 46 ± 1.1 X 45 ± 0.9     
Gas  33 ± 2.1  36 ± 0.8     
Wheat Straw  
Biochar X 25 ± 0.5 (3) X 23 ± 0.8 (3) X X X X 
Liquid X 44 ± 0.3 X 44 ± 0.8     
Gas  31 ± 0.7  33 ± 0.8     
Anaerobic Digestate  
Biochar X 25 ± 1.5 (7)       
Liquid X 49 ± 1.3       
Gas  26 ± 1.2       
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Table 4 List of analyzed PAH, oxy-PAH, and N-PAC and the number of aromatic rings (nAr) in each structure 
PAH nAr Oxy-PAH nAr N-PAC nAr 






3 Acenaphthene 9-Fluorenone Acridine 
Fluorene Anthracene-9,10-dione Carbazole 
Phenanthrene 2- Methylanthracene- 9,10- dione     
Anthracene Cyclopentaphenanthrenone 
4 
    
Fluoranthene 
4 
Benzo[a]fluorenone     
Pyrene Benz[de]anthracen-7-one     
Benzo[a]anthracene Benz[a]anthracene-7,12-dione     
Chrysene Naphthacene-5,12-dione     
Benzo[b]fluoranthene 
5 
Benzo[cd]pyren-6-one 5     
Benzo[k]fluoranthene         
Benzo[a]pyrene         
Dibenz[ah]anthracene         
Indeno[cd]pyrene 
6 
        
Benzo[ghi]perylene         
nAr: number of aromatic rings in each structure 
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